and thereby modulate their rate of organ production to the availability of mineral nutrients within 23 a few days. Our work sheds new light on the role of the stem cell regulatory network, by showing 24 that it does not only maintain meristem homeostasis but also allows plants to adapt to rapid 25 changes in the environment. 26
Plants have evolved specific mechanisms to adapt their growth and physiology to the availability of 27 mineral nutrients in their environment 5 . Various hormones such as auxin, abscisic acid, gibberellin 28 and cytokinins have been shown to act in this process either locally or systemically 5 . Cytokinins in 29 particular play an essential role in plant response to nitrate, where they act as second messengers 6 . 30 For example, cytokinins promote lateral root development in areas rich in NO 3 if the overall NO 3 31 availability for the plant is low 7 . In the shoot, cytokinins have been shown to modulate key traits 32 such as leaf size 8, 9 and branch number 10 in response to nitrate. 33
Cytokinins have also been shown to be critical for the maintenance of stem cell homeostasis in the 34 SAM. By modulating the expression of WUSCHEL, a homeodomain transcription factor expressed in 35 the center of the meristem, cytokinins promote stem cell proliferation, thus controlling the size of 36 the meristem and the rate of shoot organogenesis [11] [12] [13] [14] . Using grafting experiments, a recent study 37 showed that a systemic signal of a cytokinin precursor (trans-zeatin-riboside: tZR), travelling from 38 root to shoot through xylem, could influence the size of the vegetative meristem 3 . However, it 39 remains unclear whether cytokinin signalling can allow the SAM to respond to changes in nutrient 40 levels in the environment. Here, we examined how a core stem cell regulator in the SAM dynamically 41 responds to changes in mineral nutrient levels in the soil and whether systemic cytokinin signals can 42 account for the dynamic adaptation of meristem function to nutrient levels. We used the 43 inflorescence meristem of Arabidopsis as a model as this structure produces all of the flowers of the 44 plant and is therefore a key target for crop improvement. 45
46
We first studied how fixed levels of nutrients affect meristem function, by growing plants on soil 47 containing different levels of nutrients. To assess meristem function, we measured the size of the 48 meristem, the plastochron ratio (a feature that is inversely proportional to the organogenesis rate of 49 the SAM) and the number of flowers produced by the primary inflorescence (Methods). We 50 observed that bigger, well-nourished plants had larger meristems and produced more flowers than 51 smaller, more poorly nourished plants (Fig. 1a, Supplementary Fig. 1 ). We found a very close 52 correlation between the weight of the rosette and the size of the meristem in individual plants 53 (Fig.1b) , showing that shoot development is coordinated when plants are grown under different 54 nutritional conditions. 55 56 We next examined whether the observed changes in meristem size were linked to changes in stem 57 cell homeostasis, by examining fluorescent reporters for the key meristem regulatory genes, WUS 58 and CLAVATA3 (CLV3). We developed a pipeline based on projections of 3D confocal stacks to 59 automatically extract and analyse gene expression domains using a generalized exponential fit 60 function (Methods, Supplementary Fig. 2 ). The intensity of the signal and the size of the domain of 61 expression of pWUS::GFP were strongly correlated with the size of the SAM in the different growth 62 conditions (Fig. 1c, Supplementary Fig. 3a and b), which was also confirmed using a translational 63 fusion ( Supplementary Fig. 3c ). CLV3 did not show such behaviour in all experimental repeats and 64 only the size of its expression domain consistently correlated weakly with the size of the SAM 65 ( Supplementary Fig. 3d ). Such an uncoupling between WUS and CLV3 expression has been described 66 in vegetative meristems under different light levels 15 showed a slight decrease in rosette weight ( Fig. 2a and Supplementary Fig. 4a ). However, meristem 84 size and organogenesis rate were strongly affected by the mutations (Fig. 2b and production, showed smaller inflorescence meristems that produced fewer organs. In contrast, the 87 ckx3.5 mutant, which displays higher levels of cytokinins, showed larger inflorescence meristems 88 that produced more organs, as previously described 16 . We also quantified the size of the domain of 89 expression of WUS by in situ hybridization ( Supplementary Fig. 4e Fig. 5f ). We did not find significant changes in 108 the levels of the active cytokinin tZ in the whole inflorescence but found a significant increase in the 109 levels of the degradation products of tZ: tZROG (trans-zeatin ribose-O-glucose) and tZ7G (trans-110 zeatin-7-glucose). The lack of changes in tZ levels could be a result of tZ being a transient molecule 111 mainly synthesized locally in the meristem, notably through the action of LOG4 and LOG7 enzymes Once the plants bolted, we watered them with a nutritive solution containing different 149 concentrations of NO₃ (0 mM, 1.8 mM or 9mM) and quantitatively analysed the dynamics of 150 response to this treatment. In the SAM, the treatment led to the dose-dependent induction of 151 pTCSn::GFP and of pWUS::GFP expression within only one day and to an increase of meristem size 152 and of the organogenesis rate within 2 to 3 days ( Fig. 4a-c, Supplementary Fig. 7 ). We then checked 153 whether this response relied on changes in cytokinin levels in the plant. In the root, we confirmed 154 that the addition of nitrate to deficient plants led to a rapid, dose-dependent and transient induction 155 of nitrate signalling (inferred from the level of expression of the nitrate responsive gene NIA1) and of 156 IPT3 and 5 ( Supplementary Fig. 8a ). By measuring the levels of cytokinin species by mass 157 spectrometry, we also confirmed that the treatment led to a significant increase in the 158 concentration of cytokinin precursors (tZR and/or tZRP depending on the tissues) and products of 159 degradation (tZ7G, tZ9G, and/or tZROG depending on the tissues, Supplementary Fig. 8b ). Finally, we 160 analysed the meristem response in our set of mutants, three days after a nitrate treatment (9 mM 161 NO 3 ). Similar to what we observed on plants grown in soil, the response of ipt3.5.7 mutant plants to 162 nitrate in the meristem was strongly reduced, though statistically significant in one of the two 163 experimental repeats, while response in the other mutant backgrounds was as in wild type (Fig. 4d,  164 supplementary Fig. 9 ). In summary, our data show that the addition of nutrients leads to a response 165 of the stem cell regulatory network within a day and that the rapid changes in meristem properties 166 can be explained by the same cytokinin-based mechanism of signal propagation as we found for 167 different fixed nutrient conditions (Fig. 2) . 168 169
Taken together, our results show that the meristem can adapt the rate of shoot organogenesis to 170 the availability of nitrate in the soil. Mechanistically, this phenomenon correlates with the ability of 171 WUS to quantitatively respond to changes in the concentration of cytokinin precursors produced in 172 the plant in response to variations in nitrate levels. As the main inflorescence of WT plants growing 173 on soil only produced an average of 3.1 ± 0.4 flowers per day (n=16), the response of the SAM to 174 changes in nitrate levels, which leads to significant changes in the rate of organ production in only 175 two days, should be seen as very rapid in comparison to the pace of morphogenesis in this tissue. 176
The timing of the response to nutrients is very similar to the response to induced perturbations ofthe core network 30 , in both cases causing expression domain changes in a day followed by changes in 178 growth and size. Red arrows point to the center of the inflorescence meristem. Data were compared using Student's ttest. d. Meristem size and plastochron ratio of WT and cytokinin-associated mutants three days after treatment with a nutritive solution containing either 0 mM (green, g) or 9 mM of NO 3 (red, r) (Col-0: n= 21 (g) and 24 (r), ckx3.5: n= 13 (g) and 12 (r), log4.7: n= 17 (g) and 18 (r), log1.3.4.7: n= 13 (g) and 15 (r), ipt3.5.7: n= 18 (g) and 19 (r), cyp735a1.2: n= 14 (g) and 14 (r)). Data were compared using Student's t-test. Rosette weight (g) . The ckx3-1 (SAIL_55_G12/CS870580); ckx5-2 (Salk_117512C) double mutant 9 has already been described 8 and was generated by Paul Tarr. 10
Growth conditions: 11
For all plants grown on soil, batches of seeds were dispersed in pots of soil (Levington F2) and placed 12 for 3 days in a 4°C room for stratification and then 7 days in a short day room (8h light) for germination. . Plants were put for 2 weeks in a short day room (8h light) before being transferred into 24 a constant light room. Each plant was fed weekly with 10 mL of the same nutrient solution. The 25 experiments were carried out at the beginning of the flowering stage when the main inflorescence 26 stem was of few centimetres in height. At the beginning of the experiment (at day 0), plants were 27 randomized, separated into three populations and watered with 25 mL of the nutritive solution 28 containing either 0 mM of NO 3 (by adjusting the concentrations of the following components: 0 mM 29 Ca(NO 3 ) 2 , 0 mM KNO 3 , 5 mM KCl and 2 mM CaCl 2 ), 1.8 mM of NO 3 (same solution as described earlier) 30 or 9 mM of NO 3 (normal ATS solution). Each day, 5-10 plants were used for analysis. 31 32
Within the course of the experiments, we realized that the tap water used for watering the plants 33 contained non-negligible levels of NO 3 (up to 0.7 mM in the summer), which could have moderately 34 influenced our measurements and explain some of the differences observed between experimental 35 repeats. Note however that within an experimental repeat, all genotypes or conditions were grown 36 simultaneously and experienced the same growth conditions. 37 38
Generation of the p35S::XVE-IPT3-TFP line: 39
The coding sequence of IPT3 was amplified from Col-0 cDNA (primers: F: 40
TTTGGATCCTATGATCATGAAGATATCT-ATGGCTATG and R: AATGAATTCTCGCCACT-AGACACCGCGAC) 41 and put by conventional cloning into a pENTR1Ad modified vector containing a synthetic sequence for 42 a GS repeat linker peptide of 30 amino acids identical to the one described in 5 . Then, a LR 43 recombination was performed using the p35S::XVE-pENTR-R4-L1 plasmid described in 11 Imaging was performed as follows: First, the main inflorescence meristem of plants at the beginning 53 of the flowering stage was cut one to two centimetres from the tip, dissected under a binocular 54 stereoscopic microscope to remove all the flowers older than stage 3 (as defined in 12 ) and transferred 55 to a box containing an apex culture medium (ACM) with vitamins as described in
